Prostaglandin F2 alpha (PGF 2alpha ) brings about regression of the bovine corpus luteum (CL). This luteolytic property of PGF 2alpha is used in beef and dairy cattle to synchronize estrus.
INTRODUCTION
Luteal regression is required for normal ovarian cyclic activity. Prostaglandin F2a (PGF 2a ) initiates luteal regression or luteolysis in cattle and in most domestic species [1, 2] and has been used for estrus synchronization in beef and dairy cattle [3] [4] [5] [6] . However, the bovine corpus luteum (CL) is resistant to luteolysis by exogenous PGF 2a before Day 5 (D-5) of the estrous cycle [3, [7] [8] [9] [10] [11] [12] . Although studied intensely, the cellular basis controlling luteal function during this physiological transition is incompletely understood. As in many biological systems, cellular responsiveness to a given agonist can be altered during development. Lack of PGF 2a receptors does not seem to explain luteal insensitivity to PGF 2a , as the developing CL already expresses high-affinity PGF 2a receptors [12, 13] and PGF 2a can elicit distinct physiological responses in the early CL [10, 14, 15] . Therefore, the nature of the elicited response or the ineffectiveness of PGF 2a to induce luteolysis in the developing CL might be due to differences in postreceptor signaling events.
Several studies have indicated that the lower efficacy of PGF 2a in inducing regression of early CL may be related to differences in signal transduction due to differential expressions of genes associated with the PGF 2a receptor at those two developmental stages. For instance, increased expression of protein kinase C (PKC) inhibitor 1 (now known as histidine triad nucleotide-binding protein [HINT1]) and tyrosine 3-monooxygenase/tryptophan 5-monooxygense activation protein zeta polypeptide (YWHAZ) was reported to be involved in insensitivity of the early ovine CL [16] . Higher expression of PRKCE in D-10 bovine CL has been reported to be involved in acquisition of sensitivity of the CL to PGF 2a -induced luteolysis [14] . It has been suggested that the lack of luteolytic action by PGF 2a in the developing bovine CL might be due to alterations in components of the signal transduction associated with the receptor by locally produced hormones. For instance, resistance of early ovine CL has been attributed to increased expression of the PGF 2a -catabolizing enzyme hydroxyprostaglandin dehydrogenase 15-(NAD) (HPGD) [17] . The inability of PGF 2a to induce expression of prostaglandin-endoperoxide synthase 2 (PTGS2) and intraluteal PGF 2a synthesis in the early bovine CL was implicated in luteolytic insensitivity to PGF 2a [15] . Therefore, the hypothesis tested was that differential gene expression during the developmental transi-tion of corpora lutea (CLs) from D-4 to D-10 might include genes encoding components of signal transduction pathways that may change the nature of the elicited response or luteal sensitivity to luteolytic actions of PGF 2a . The two objectives of the present study were 1) to use a microarray-based approach to systematically analyze a large portion of the bovine CL transcriptome during the developmental transition from D-4 to D-10, when the luteolytic capability to PGF 2a is acquired, and 2) to determine the responsiveness of selected genes found to be differentially expressed during this transition to an exogenous in vivo treatment with PGF 2a on D-4 or D-10 of the estrous cycle.
MATERIALS AND METHODS

Animal Handling and Surgical Procedures
Nonlactating beef cows were observed visually for estrus twice daily at approximately 12-h intervals for a minimum of 30 min per observation. The day when standing estrus was observed was designated as D-0. For experiment 1, ovaries on D-4 (n ¼ 3) or CLs on D-10 (n ¼ 3) were collected surgically as described previously [7] and were transported to the laboratory in ice-cold saline for RNA isolation. Briefly, the surgical procedure was performed via supravaginal incision under epidural anesthesia (6-9 ml of 2% lidocaine hydrochloride; Butler Company, Columbus, OH) administered for cows weighing 450-700 kg. For experiment 2, beef cows on D-4 or D-9 of the estrous cycle were treated with 25 mg of PGF 2a analog (Lutalyse; Pfizer Animal Health, New York, NY), and control groups received 5 ml of normal saline (n ¼ 3 per group per day). After 24 h, D-5 or D-10 ovaries or CLs were collected as already described. The ovary or CL was collected in ice-cold saline (PBS) and transported to the laboratory within 15 to 30 min after collection. Developing CLs were removed from the ovary in the laboratory because of the danger of crushing tissue if pressure is applied to the ovary during surgical collection. The Animal Care and Use Committee of West Virginia University approved all procedures for these experiments (ACUC protocol 06-0401).
Isolation of tRNA
Total RNA was isolated using Tri reagent (MRC, Cincinnati, OH) according to the manufacturer's instructions. Briefly, frozen CL tissue was mechanically pulverized while immersed in liquid nitrogen using an RNAasefree porcelain mortar. The pulverized tissue was homogenized in Tri reagent using a glass homogenizer. The RNA was solubilized in RNAse-free water, and its integrity was assessed using 1% agarose gel electrophoresis; all samples were deemed to be of high quality. Final RNA concentration and purity were determined by spectrophotometry using a NanoDrop 3000 (NanoDrop Technologies, Wilmington, DE). Microarray, cDNA labeling, and hybridization. The microarray assays were performed in the Laboratory of Animal Biotechnology and Genomics, Division of Animal and Nutritional Sciences, West Virginia University. Individual RNA samples were used to produce labeled cDNA that was hybridized to the bovine 70-mer long oligonucleotide probes spotted in duplicates. This array contained 8329 unique bovine genes developed by the Center for Animal Functional Genomics (CAFG) at Michigan State University, East Lansing. Information about the list of CAFG microarray genes and their annotations are available via the GeneLink database (http://cafg.msu.edu). Comparisons were made between RNA samples from PGF 2a -insensitive and -sensitive CLs for the changes in gene expression using a total of six beef cows (three replicates 3 two groups). The procedure for cDNA labeling and microarray hybridizations was followed as described previously [18] . Briefly, 30 lg of tRNA was reverse transcribed using Superscript II RT (Invitrogen, Hercules, CA) to generate cDNA containing minoallyl-deoxynucleotidyl transferase. The cDNAs from two experimental groups were labeled randomly with N-hydroxysuccinate-derived Cy3 or Cy5 dyes (GE Healthcare, Piscataway, NJ) to limit the effect of differential dye incorporation. Unincorporated dyes were removed from the cDNA product using a PCR purification kit (Qiagen, Valencia, CA), followed by mixing the Cy3-and Cy5-labeled cDNAs. The labeled cDNAs were concentrated to 20 ll using Microcon YM-30 (Millipore, Billerica, MA) and mixed with 130 ll of Slidehyb 3 solution (Ambion, Austin, TX). The Tecan HS400 automated microarray hybridization station (Tecan US, Durham, NC) was used for array hybridization. The steps in the hybridization were as follows: 1) Slides were subjected to 608C for 2 min and prehybridized at 558C for 30 min using prehybridization solution (5 saline-sodium citrate [SSC], 1% SDS, and 1% bovine serum albumin [BSA]) with medium agitation. 2) Brief washing was performed at 608C for 1 min, and 140 ll of labeled cDNA mixture was loaded onto the hybridization chamber. 3) Hybridization was performed at 608C for 3 h, followed by 558C for 13 h. 4) Washing was performed twice with 23 SSC and 0.1% SDS and twice with 0.13 SSC and 0.1% SDS at room temperature. 5) Two more washes were given with 0.13 SSC, followed by rinsing the slides with water and finally drying by centrifugation.
Microarray data analysis. After hybridization, the gene array was scanned for spots using ScanArray Lite microarray scanner (Perkin Elmer, Wellesley, MA). The spots were aligned and integrated with original GenePix Array List files, and signal intensities were quantified using ScanArray Express software (Perkin Elmer).
Microarray raw data were processed using GenePix Auto Processor (GPAP) software (http://darwin.biochem.okstate.edu/gpap3/) as described previously [18] . Briefly, GPAP utilizes R statistical language, Bioconductor, and a limma package to preprocess the raw data by signal filtering, background correction, and normalization. The data points with signal intensity values in both channels less than the baseline value of 200 were filtered out, the spots with logtransformed (base 2) ratio outside of 2 SDs from the mean were removed as outliers, and averages of technical replicates within and across replicates were calculated. Raw data were manually quality controlled by flagging and removing any spurious spots from analysis. The preprocessed expression data were normalized by loess global intensity-dependent normalization. The GPAP output value consisted of M value [log2 (cy5/cy3)], t statistic, P value, and B statistics for each spot. Two-fold or more changes in gene expressions were indicated by M value of at least 1.0 (up-regulated) or À1.0 or less (downregulated). The genes with 2-fold or higher changes in expression with P , 0.05 were considered significantly different and were selected for further analysis. The microarray data were deposited (according to Microarray Gene Expression Data Society Standards) in the National Center for Biotechnology Information Gene Expression Omnibus. The curated microarray data can be retrieved using the series accession number GSE10662.
Validation of microarray data by real-time RT-PCR. The pattern of gene expression observed in microarray analysis was confirmed by real-time RT-PCR. Total RNA from CL samples was used for cDNA synthesis using Superscript II RT. The real-time PCR was performed according to the method described by Pfaffl [19] . This approach takes into account the actual efficiency of each primer. The cDNA generated from pooled RNA samples (D-4 and D-10 CLs) was diluted serially 10-fold, and a calibration curve for each gene was generated to determine the efficiency of each primer. The PCR reaction was standardized for optimum efficiency between 95% and 105% for nine selected genes. The sequences of each gene primer were designed using Primer3 software (http://frodo.wi.mit.edu/) [20] . The names, abbreviations, primer sequences, and accession numbers for the examined genes are listed in Table 1 . The real-time PCR reaction was performed using 25 ll of total reaction containing 23 SYBR Green Supermix (BioRad, Hercules, CA) and 0.5 lM primer concentration and 2 ll of cDNA prepared from 20-ll RT reaction using 1 lg of tRNA. The conditions for the real-time PCR reactions were as follows: an initial RT inactivation and Taq polymerase activation step at 948C for 3 min, followed by a total of 40 cycles at 948C for 30 sec to denature, 55-608C to anneal, and an extension at 728C for 1 min. The melt curve was analyzed to ensure that genes of interest produced single amplicons. The internal control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to normalize the expression values because of differences in amounts of RNA. Previous studies [21, 22] from our laboratory and by other investigators have validated the use of GAPDH as a normalizing standard while assessing gene expression at different luteal developmental stages. In the present studies, there were no differences in GAPDH expression from samples collected on D-4 vs. D-10. The D-4 expression value was set as a calibrator sample (control), and the data were expressed as fold change in D-10 CL mRNA compared with D-4 CL mRNA normalized to GAPDH. The differences in the mean values of mRNA expression between two groups were analyzed by Student t-test using the statistical analysis system JMP 3.0 (SAS Institute, Cary, NC). Gene expression values with P , 0.05 were considered significantly different.
Experiment 2: Responsiveness of Selected Differentially Expressed Genes to In Vivo Treatment with Exogenous PGF 2a
Luteal tissues were collected for real-time RT-PCR, and RNA samples were isolated for real-time RT-PCR as already described. The selected genes analyzed in this experiment were calcium/calmodulin-dependent protein kinase kinase 2 beta (CAMKK2), protein kinase N1 (PKN1), YWHAZ, regulator of G protein signaling 2 24-kDa (RGS2), guanine nucleotide-binding protein (G protein) beta polypeptide 1 (GNB1), and SPARC-like 1 (hevin) (SPARCL1). The selection of these genes was based on unpublished results from our laboratory and from a literature review of genes whose expression was likely to be affected by PGF 2a [7, 14, 16] . The sequences and accession numbers of the primers are given in Table 1 . horseradish peroxidase-conjugated antibodies. Validation of the semiquantitative Western blot analysis and stripping conditions has been determined previously [23] . The intensity of the signal corresponding to the protein of interest was standardized by the corresponding intensity of the actin control in that sample. Normalization of data allowed us to estimate in a semiquantitative manner the amounts of protein in the samples of interest.
Immunohistochemistry. Approximately 1 h after surgical collection, portions of CLs were fixed for 48 h by immersion in Bouin solution (75 ml of saturated picric acid, 25 ml of formaldehyde, and 5 ml of glacial acetic acid). The tissue was processed using standard histological methods for embedding tissue in paraffin (Paraplast Plus; Tyco Healthcare Group LP, Manfield, MA). Ten-micrometer-thick sections were prepared from D-10 bovine CLs (n ¼ 3 different cows) using an HM 325 microtome (Fisher Scientific, Pittsburgh PA). Deparaffinized tissue sections were processed for immunohistochemistry using a VECTASTIN Universal Quick kit (Vector Laboratories, Inc., Burlingame, CA) according to the manufacturer's instructions. Briefly, after quenching endogenous peroxidase activity in 0.3% H 2 O 2 in methanol for 30 min, sections were incubated in working solution of blocking serum to reduce nonspecific binding. Sections were incubated overnight at 48C with primary antibody CAMKK2 goat polyclonal IgG (SC9629; Santa Cruz Biotechnology) at a dilution of 1:100 (v/v). The antibodies SC50341 (Santa Cruz Biotechnology) and AP71176 (Abgent) were also tested at a dilution of 1:100 and 1:25 (v/v), respectively. Incubation with secondary antibody and streptavidin-peroxidase complex was performed using VECTASTIN Universal Quick kit as indicated by the manufacturer's instructions. Detection was made using the substrate diaminobenzidine (DAB; Biomedia Corp., Foster City, CA) prepared according to the manufacturer's instructions at room temperature for 3 min. Slides were counterstained in Harris hematoxylin for 30 sec and serially dehydrated at room temperature in ethanol, and finally they were transferred into xylene for the application of coverslips using a mounting medium (Gel/Mount; Biomedia Corp.). The specificity control for the immunohistological detection was determined by 1) preincubation of the primary antibody with excess antigenic peptide (1 lg of peptide/1 lg of antibody prepared in blocking serum for SC9629 and AP71176) and 2) incubation with normal rabbit or goat serum in lieu of the primary antibody (for the rabbit and goat primary antibodies). These slides were later observed under an Olympus PROVIS AX70 microscope (Olympus America Inc., Melville, NY) for determination of the presence or absence of specific brown color accumulation indicating immunoreactivity, as well as for microphotography. Gene families that were dynamically up-regulated during this developmental transition most likely reflect a combination of genes involved in the process of active steroid secretion and in acquisition of sensitivity to PGF 2a -induced luteolysis. The gene ontology classification of the differentially expressed is given in Table 2 .
One objective of this study was to identify potential genes involved in cell signaling that might participate in acquisition of luteolytic sensitivity to PGF 2a . Twenty differentially expressed transcripts were found to be involved in various cell signaling pathways. The identities, accession numbers, P values, and fold-change data of these transcripts are given in Table 3 . Nine of these 20 genes are linked to cell signaling associated with G protein-coupled receptors. For example, a component of the heterotrimeric G protein complex, GNB1, was up-regulated in D-10 CL relative to D-4 CL, as were other genes such as SLIT-ROBO Rho GTPase-activating protein 1 (SRGAP1), Rho GTPase-activating protein 8 isoform 1 (ARHGAP8), adenosine A1 receptor (ADORA1), protein kinase N1 isoform 1 (PKN1), and ADP-ribosylation factor 6 (ARF6). Genes in this same category that were down-regulated in D-10 CL relative to D-4 CL included the potent inhibitor of G protein signaling RGS2, the adrenergic alpha-1B receptor (ADRA1B), and a gene encoding the G protein-coupled receptor 98 (GPR98). The transcripts of casein kinase 2 alpha prime polypeptide and NOTCH2 preprotein were up-regulated in D-10 CL, and these proteins are involved in notch signaling. 
Experiment 2: Responsiveness of Selected Differentially Expressed Genes to Exogenous In Vivo PGF 2a Treatment
There were developmentally related significant differences in expression of all six genes examined. Transcripts for CAMKK2, GNB1, SPARCL1, and PKN1 were increased as the CL transitioned from D-4 to D-10, while transcripts for RGS2 and YWHAZ were decreased in this developmental comparison (Fig. 2) . (Figs. 3 and 4A) . However, because the antigenic peptide for SC50341 is not commercially available, SC9629 was selected for further Western blot analysis. The specificity of this 66-kDa protein was demonstrated, as its intensity was greatly reduced or abolished by incubating the antibody with its antigenic peptide. Additional faint bands of high molecular weight were sometimes detected by the antibody, but these were not abolished by incubating the antibody with its antigenic peptide (Fig. 3) . The 66-kDa 984 molecular weight band identified corresponds closely to the published size band for this kinase [24] . This 66-kDa protein band was detected at all protein concentrations (5, 10, 20 , and 40 lg) tested in the samples from all D-10 CLs (Fig. 4A) . In contrast, it required 40 lg of protein isolated from D-4 CLs to obtain an expression signal comparable to that obtained with 5 lg of protein isolated from D-10 CLs (Fig. 4A) . As in previous studies from our laboratory, a 43-kDa protein was detected with the antibody for actin [23] . The intensity of this 43-kDa band was similar for each corresponding protein concentration used regardless of luteal development (Fig. 4A) . The semiquantitative Western blot analysis using 40 lg/lane allowed us to estimate the amount of protein corresponding to CAMKK2 expressed in samples prepared from D-4 and D-10 CLs (Fig. 4B) . The mean 6 SEM CAMKK2:actin ratio in the D-10 CLs was 1.0 6 0.1, while that for the D-4 CLs was only 0.57 6 0.04 (P , 0.01). In contrast, PGF 2a treatment had no effect on the mean 6 SEM CAMKK2 expression at any of the luteal developmental stages examined in D-4 (0.61 6 0.08) and D-10 (0.93 6 0.10) samples.
Immunohistochemistry. All three CAMKK2-specific antibodies tested in the immunohistochemistry assay were effective in identifying luteal immunoreactive cells in a consistent manner. Cellular localization of CAMKK2 was routinely examined by immunohistochemistry in at least two areas from three CLs (n ¼ 3, D-10 CLs) using the SC9699 antibody. Similar results were obtained with the other two antibodies tested. Representative photographs of cells expressing immunoreactivity are shown in Figure 5 . Repeating the immunohistochemistry procedure on serial sections from each CL on different areas produced results similar to those shown in Figure 5 . Specific CAMKK2 immunoreactivity was clearly detected in large and small luteal steroidogenic cells (Fig. 5, B-D) . This immunoreactivity was eliminated when the antibody was preincubated with the antigenic peptide before immunodetection (Fig. 5A) and with the other control described in Materials and Methods (data not shown). Endothelial cells were not immunoreactive (Fig. 5D) .
DISCUSSION
The present study identified 167 transcripts that are differentially expressed in developmental transition when the CL acquires sensitivity to luteolytic actions of PGF 2a . This represents a significant narrowing down of the list of potential genes involved in modifying the intracellular signaling utilized by PGF 2a on its target cells in such a way that the actions of PGF 2a on the CL become luteolytic. The gene ontologies of the list of differentially expressed genes in CLs from the early stage through midstage further narrowed the list by allowing identification of 20 genes that were both differentially expressed and whose function was associated with multiple cell signaling pathways ( Table 2) .
The results from the second experiment allowed the list of genes whose expression might determine that the actions of PGF 2a in the CL become luteolytic to be narrowed further. Expression of both CAMKK2 and GNB1 was sensitive to exogenous PGF 2a . The combined increase in expression of CAMKK2 due to the developmental transition and the PGF 2a treatment may have a critical role in increased luteolytic sensitivity to PGF 2a . This increase in CAMKK2 occurred at a developmental stage when PGF 2a has an increased ability to elicit a rise in intracellular calcium concentration compared with that in D-4 CL [7, 14] . CAMKK2 has been reported to mediate the action of increasing intracellular calcium via phosphorylation of calcium/calmodulin-dependent protein kinases (CAMKs) such as CAMK1 and CAMK4. Once phosphorylated, the activity of these kinases is increased 10-fold to 20-fold [25, 26] . Furthermore, CAMKs have been shown to activate mitogen-activated protein kinases (MAPKs) such as MAPK1 and MAPK3, formerly known as extracellular signal-regulated kinase 1/2 [ERK1/2], in several ligandstimulated pathways [27] [28] [29] . The significance of this possibility is highlighted when considering that CAMK2 has been shown to mediate the actions of PGF 2a by activating MAPKs in cat iris sphincter smooth muscle [30] . Also, MAPK/ERK signaling inhibited gonadotropin-stimulated steroidogenesis in rat granulosa-derived cell lines [31] . It is notable that MAPK1 and MAPK3 mediated the PGF 2a -stimulated expression of prostaglandin-endoperoxidase synthase 2 (PTGS2 or COX2) in neoplastic endometrial epithelial cells, which in turn stimulated the synthesis of PGF 2a in a positive feedback mechanism [32] . Such a positive feedback loop has been suggested to be operational in the CL with luteolytic capacity. MAPKs/ERKs are involved in PGF 2a -mediated effects in bovine and rodent CLs. For instance, MAPK/ERKs mediate the PGF 2a -induced apoptosis in buffalo CL [33] , and induction of FOS and JUN mRNA expression by PGF 2a is mediated by a PKC-dependent MAPK/ERK pathway in bovine luteal cells [34] . Furthermore, calcium/caldmodulin-dependent activation of MAPK1 and MAPK3 mediates JUND phosphorylation and induction of nur77 and 20a-hsd genes by PGF 2a in luteinized rat granulosal cells [35] .
Transcriptional activation of CAMKK2 seems to be regulated by activation of G protein-coupled receptor 54, acting through the Gq/11 family of heterotrimeric G proteins [36] . Furthermore, transcription of CAMKK2 was regulated by an increase in intracellular calcium [37] . Given that in bovine CL PGF 2a stimulates hydrolysis of phosphatidylinositol 4,5-biphosphate and mobilizes intracellular calcium [38, 39] , these mechanisms of transcriptional regulation may be relevant.
That YWHAZ was down-regulated in D-10 CL emphasizes the importance of CAMKK2 in acquisition of luteal sensitivity to the luteolytic actions of PGF 2a . This would be in agreement with the finding that the protein encoded by YWHAZ inhibits the action of CAMKK2 [40] , as down-regulation would increase the activity of CAMKK2. Therefore, taken together, the observations in these studies that greater expression of CAMKK2 associated with the D-4 to D-10 CL transition, as well as the ability of PGF 2a to further stimulate its expression in the D-10 CL, strongly support the interpretation that CAMKK2 may be involved in acquisition of luteal sensitivity to the luteolytic actions of PGF 2a . This interpretation is strongly bolstered by the evidence of a parallel increase in the amount of CAMKK2 associated with the D-4 to D-10 CL transition (Fig. 3) . Although the in vivo effect of exogenous PGF 2a increased the mRNA encoding CAMKK2, there was no concomitant increase in the amount of CAMKK2 in D-10 CL. This might be simply because it takes longer for the effect of PGF 2a to be observed at the protein level than at the mRNA level. However, it is also possible that, despite the changes in mRNA, the protein is not stabilized by exogenous PGF 2a . Important to the interpretation that CAMKK2 may be involved in acquisition of luteal sensitivity to the luteolytic actions of PGF 2a is the observation that small and large steroidogenic cells are luteal sources of CAMKK2. Both of these cells are then targets for PGF 2a actions and express mRNA and protein encoding CAMKK2 in a developmental manner that agrees with our suggestion that CAMKK2 may be involved in acquisition of luteal sensitivity to the luteolytic actions of PGF 2a . Identification of the luteal steroidogenic cells as sources of mRNA and protein encoding CAMKK2 is also important from the point of view of designing functional studies to up-regulate and down-regulate the expression of this gene to test its function.
The expression of YWHAZ, the gene encoding the PKC inhibitor, was down-regulated in the D-10 CL, and treatment with PGF 2a did not affect its expression in D-4 or D-10 CL [41, 42] . YWHAZ has been shown to inhibit the activity of (PKCs) by interacting with a cysteine-rich C1 domain [41, 42] . Most important, PKCs mediate the luteolytic actions of PGF 2a [39] . Down-regulation of YWHAZ in the D-10 CL is in agreement with the findings by Juengel et al. [16] that mRNA levels for YWHAZ were greater in D-5 CL in sheep compared with D-10 and D-15 CLs and that PGF 2a did not affect its expression.
Based on these observations, the authors suggested that YWHAZ might be involved in luteolytic resistance in the early ovine CL [16] . Similarly, decreased expression of YWHAZ during latter stages of bovine CL development might increase luteal sensitivity to PGF 2a . The data from these authors [16] also provide an independent validation of the data obtained in experiments 1 and 2 of the present study.
Decreased expression of GNB1 in the D-4 CL might explain, at least in part, the mechanism responsible for luteal insensitivity to PGF 2a in the early CL. The luteal PGF 2a receptors are coupled to heterotrimeric G proteins [43, 44] . Activation of the linked G protein leads to dissociation of Ga and Gbc subunits from the heterotrimeric complex [38, 39, 45, 46] . Ga and Gbc subunits activate downstream signal transduction mechanisms. It is conceivable that lower expression of GNB1 in the early CL could restrict, in part, full intracellular signaling by PGF 2a receptors. Indeed, reduced amounts of GNB1 in D-4 CL might explain the reduced ability of PGF 2a to stimulate a rise in intracellular calcium concentration in D-4 CL [14] . In rabbit CL, phospholipase C activators had luteolytic effects similar to those induced by PGF 2a not only in D-9 and D-13 CLs but also in D-4 CL, in which PGF 2a was completely ineffective [47] . Boiti et al. [47] suggested that the resistance of early CL might be due to impairment in G proteins coupled to PGF 2a receptor. Exogenous PGF 2a increased the expression of GNB1 in D-4 CL but not in D-10 CL. The magnitude of the increase in GNB1 expression in D-4 CL after exogenous PGF 2a was similar to that seen in D-10 CL, perhaps indicating that expression of this gene was already maximally stimulated during the developmental transition from D-4 to D-10. It has been reported that repeated injections of PGF 2a can regress the bovine CL during its early stage [10] ; thus, increased expression of GNB1 after PGF 2a injection might be a mechanism by which the early CL acquires luteolytic sensitivity to PGF 2a .
An additional argument supporting the significance of differential expression of GNB1 in the mechanism of luteolytic sensitivity to PGF 2a is the finding that Gb1c1 interacts with RACK1, a scaffold protein that interacts selectively with a specific PKC isozyme, PKCb11 [48, 49] . Each specific PKC isozyme has been shown to interact with a specific type of RACK protein. The PKC-specific isozymes PRKCB and PRKCE were differentially up-regulated in D-10 CL and were activated following treatment with PGF 2a [23] . Therefore, greater amounts of GNB1 in D-10 CL might help to localize RACK1 to the membrane, followed by recruitment of activated PRKCB to the membrane and initiation of signal transduction. This mechanism might participate in acquisition of luteolytic sensitivity to PGF 2a .
The developmental down-regulation of RGS2 as the CL transitioned from D-4 to D-10 could be involved in the mechanism of greater luteolytic sensitivity of the bovine CL. Regulator of G protein signaling proteins attenuate the signaling initiated by G proteins by two mechanisms, by acting as GTPase-activating proteins [50, 51] and by inhibiting G protein/effector interaction [52] . Studies [53, 54] using in vivo and in vitro methods demonstrated that RGS2 is a potent inhibitor for Ga q signaling. The Gq has been shown to activate phospholipase C beta 1 (PLCB1), leading to downstream signaling such as increases in intracellular calcium and activation of PKC [55] . PGF 2a receptors are coupled to the Gq family of G proteins and activate the downstream signaling pathway (such as increase in intracellular calcium and activation of PKC) [56] [57] [58] [59] . In this regard, the activity of RGS2 was inhibited by PKC in a phosphorylation-dependent 986 manner, thereby potentiating the G protein-stimulated signaling pathway [60] . Therefore, decreased expression of RGS2 in D-10 CL may potentiate G protein signaling, thereby increasing sensitivity of the CL to PGF 2a -induced luteolysis. However, exogenous PGF 2a did not affect the expression of RGS2 in D-4 or D-10 CL, indicating a PGF 2a -independent mechanism of transcriptional regulation for this gene during this developmental transition. The developmental down-regulation of adrenergic alpha-1B receptors during the luteal transition from D-4 to D-10 could be an additional mechanism contributing to lower sensitivity to PGF 2a . In vitro findings utilizing bovine luteal cells indicated that noradrenaline (NA) stimulated progesterone secretion and reduced the ability of PGF 2a to increase the intracellular calcium concentration [61] . A reduction in the expression of adrenergic receptors would abolish luteoprotective effects of NA and, consequently, would increase sensitivity of the CL to the luteolytic actions of PGF 2a .
In summary, these studies effectively identified CAMKK2, YWHAZ, GNB1, and RGS2 as important genes that may have essential roles in acquisition of luteal sensitivity to PGF 2a -induced regression. Manipulating the expression of these genes might prove to be effective strategies for the development of more effective estrous synchronization practices in mammals, thereby overcoming the limitation of insensitivity of early CL to luteolytic actions of PGF 2a . However, many other genes that were differentially expressed in this study may be of relevance in multiple aspects of luteal physiology and need further investigation. Finally, it should be stressed that the discussion herein is based on reported actions of these genes in varying systems and, therefore, is speculative in nature.
